Rhizobium leguminosarum bv. viciae strain UPM791 induces in symbiosis with peas the synthesis of a nickel-containing hydrogenase which recycles the hydrogen evolved by nitrogenase. The genes required for synthesis of this hydrogenase, hupSLCDEFGHIJKhypABFCDEX, are clustered in the symbiotic plasmid. Analysis of a hypA-deficient mutant showed that HypA is essential for symbiotic hydrogenase activity and required for correct processing of the hydrogenase large subunit. Unlike other microoxically induced hyp genes, the hypA gene was only expressed in pea bacteroids from its own promoter. The hypA mRNA 5P end was mapped 109 bp upstream of the translational start codon. This distinct pattern of expression suggests a different role for HypA and the remaining Hyp proteins in hydrogenase synthesis. z
Introduction
Certain strains of Rhizobium leguminosarum, the microsymbiont of pea (Pisum sativum), are able to induce the synthesis of a dimeric, [NiFe]-containing hydrogenase in pea root nodules which recycles the H P evolved by the nitrogenase complex. The molecular analysis of this hydrogen uptake system in R. leguminosarum and in other H P -oxidizing bacteria has revealed that, in addition to the structural polypeptides, multiple accessory proteins are required for synthesis of an active [NiFe] hydrogenase (see reviews in [1, 2] ).
The genetic determinants for H P oxidation in R. leguminosarum bv. viciae strain UPM791 are clustered in the symbiotic plasmid. Besides the hydrogenase structural genes (hupSL), 16 additional genes (hupCDEFGHIJKhypABFCDEX), tightly linked and oriented in the same direction as hupSL, have been identi¢ed [3] . These genes are di¡erentially expressed in free-living and symbiotic cells [4, 5] . Activation of the hyp region occurs in free-living cells in response to low oxygen tensions in the culture medium. In contrast, expression of hup genes has only been observed in pea bacteroids and consequently hydrogenase activity is not expressed in vegetative cells.
The hypA gene is located immediately upstream of hypB in all [NiFe]-hydrogenase gene clusters [1] . The role of HypA protein in hydrogenase synthesis is far from being elucidated. In Escherichia coli, a bacterium which induces at least three di¡erent hydrogenase isoenzymes, HypA and HypC appear to function in modulating the relative activity of the three isoenzymes as required by the physiological conditions [6] . In this bacterium, transcription of hypA is di¡erently regulated from that of the remaining hyp genes: hypBCDE are transcribed from an Fnr-type gene promoter located within hypA, but transcription of hypA occurs from a c SR -dependent promoter [7] .
In R. leguminosarum bv. viciae, Tn5 insertion mutants in hypB, hypF, hypD, hypE and hypX indicated that these genes were essential for synthesis of an active hydrogenase [8, 9] . Later on, expression analysis of this cluster showed that hypBFCDEX constitute an operon transcribed from an FnrN-dependent promoter located within the coding sequence of hypA [5, 10] . However, no information is available on the requirement of hypA for hydrogenase synthesis and the regulation of its expression in R. leguminosarum. In this bacterium a single H P -uptake hydrogenase is present, thus making it a more appropriate system to study the role of HypA.
Materials and methods
2.1. Bacterial strains, plasmids, and growth conditions R. leguminosarum bv. viciae UPM791, AL18 (hypB: :Tn5), and AL51 (hupL:Tn5) strains have been described [8] . Cosmid pAL618 containing the whole hup/hyp gene cluster was isolated from a previously constructed R. leguminosarum UPM791 genomic library [11] . Plasmid pRLH34 was constructed by inserting the 3.9-kb EcoRI DNA fragment containing the complete hupK, hypA and hypB genes from cosmid pAL618, in pBluescript [12] . pFH plasmids are derivatives from cosmid pLAFR3 [13] carrying di¡erent DNA fragments from hypA region. Plasmids were introduced into Rhizobium strains by triparental mating [14] .
R. leguminosarum strains were grown in media (TY and YMB) and conditions previously described [11, 15] . Incubation of Rhizobium cultures under microoxic conditions was carried out as described by Palacios et al. [15] .
DNA and RNA analysis
Plasmid DNA preparations, restriction enzyme digestions, DNA cloning, as well as agarose and polyacrylamide DNA electrophoresis, and Southern hybridization of genomic DNA were performed by standard procedures [16] . Conditions for RNA extraction and mapping of the 5P end of hypA mRNA by primer extension were described previously [5] .
Interposon mutagenesis
To generate the UPM791 derivative hypA mutant strain (AL231), insertional mutagenesis using the 6 spectinomycin/streptomycin resistance cassette was performed. A PstI fragment containing the cassette was obtained by cloning a 2.5-kb BamHI fragment from plasmid pHP456 [17] into the L.HEH1 symmetrical polylinker of pRL161 [18] . This PstI fragment was then cloned into the unique NsiI site of plasmid pRLH34. The NsiI restriction site comprises the start codon of hypA. The insertion mutation was then transferred to cosmid pAL618 by homologous recombination to yield cosmid pAL231, which carries the 6 element inserted in the hypA gene. The interrupted hypA gene was ¢nally mobilized and exchanged into strain UPM791 as previously described [11] .
Plant tests and enzymatic assays
Pea (P. sativum L. cv. Frisson) plants were used as hosts for R. leguminosarum bv. viciae strains. Conditions for plant inoculation and growth have been described previously [11] . When required, NiCl P was included in the plant nutrient solution at concentrations ranging from 1 WM to 1 mM. Acetylene reduc-tion activities of root nodules and hydrogenase activity of bacteroid suspensions were determined as previously described [8] .
Immunoblot analysis
Bradyrhizobium japonicum HupL-speci¢c (a gift from R.J. Maier, Johns Hopkins University, Baltimore, MD) and R. leguminosarum HypB-speci¢c antisera [19] were used for immunoblot analysis of cell extracts (30 Wg total protein) by standard techniques [20] .
Results

Generation of a speci¢c hypA mutant
A hypA mutant was generated by site-speci¢c insertion of an interposon (6 element) at the start codon of hypA, and was intended to arrest any transcription or translation from upstream of hypA (Fig.  1A) . The correct insertion of the 6 element in the resulting mutant strain (AL231) was con¢rmed by Southern blot analysis of EcoRI-digested total DNA from wild-type and mutant strains using a hypA internal probe (Fig. 1B ). An increase of 2.5 kb in the size of the hybridizing band, corresponding to the 6 element, was observed in the mutant as compared to the wild-type strain.
To investigate a potential e¡ect of the hypA: :6 mutation in AL231 on expression of downstream genes, the amounts of HypB protein in pea bacteroids from the mutant and wild-type strains were compared by immunoblot analysis using antibodies raised against HypB protein [19] . As shown in the hypBFCDEX operon, located within hypA [5] , is not a¡ected by the interposon insertion in AL231 mutant.
HypA is required for hydrogenase processing and activity
In order to study the e¡ect of hypA: :6 mutation on the symbiotic Hup phenotype, wild-type UPM791 and AL231 mutant strains were used as inocula for peas, and the hydrogenase activities were determined in bacteroid suspensions prepared from nodules (Table 1). Bacteroids produced by the hypA mutant strain exhibited hydrogenase activities that were only 1^3% of those corresponding to the wild-type strain. No signi¢cant di¡erences in nitrogenase activities, estimated by measuring acetylene reduction rates, were observed between the two strains (data not shown). The symbiotic Hup 3 phenotype of the mutant was not complemented by high nickel concentrations (up to 1 mM) in the plant nutrient solution (data not shown).
The e¡ect of the hypA mutation on the synthesis of the hydrogenase structural subunits was investigated by immunoblot analysis of bacteroid extracts from pea nodules produced by AL231 mutant, using antibodies raised against HupL, the hydrogenase large subunit (Fig. 2) . Bacteroid extracts from UPM791 and from mutant AL51, containing a Tn5 insertion in the hupL gene, were used as positive and negative controls, respectively. In the bacteroid extracts from UPM791 two distinct immunoreactive bands, corresponding to the unprocessed and processed forms of the hydrogenase large subunit, were clearly detected (Fig. 2, lane 2) . However, only the larger band, corresponding to the unprocessed form, was present in bacteroid extracts from AL231 (Fig.  2, lane 3) although similar total amounts of immunoreactive protein were synthesized in both strains. These results indicate that the Hup 3 phenotype associated with the hypA: :6 mutation was due not to an e¡ect on transcription of hydrogenase structural genes but to a speci¢c e¡ect on processing of the hydrogenase subunits.
Analysis of the promoter involved in hypA symbiosis-speci¢c expression
To identify the transcription start site of the hypA gene, we performed a primer extension analysis using an oligonucleotide complementary to hypA DNA, and total RNA from pea bacteroids and vegetative cells of wild-type UPM791 strain (Fig. 3) . In this analysis, no extension products were detected in RNA samples from either aerobically or microaerobically grown free-living cells (Fig. 3A, lanes 2 and  3) . However, an extension product ending 109 nucleotides upstream of the start codon of hypA was clearly observed when RNA from bacteroids was used (Fig. 3A, lane 1) . The transcription initiation site thus de¢ned was designated 5c, and corresponds to a G at position 8552 (regarding EMBL accession number X52974) within the coding sequence of hupK (Fig. 3B) .
Additional evidence for the functionality of the 5c promoter (P S ) was obtained by complementing the Hup 3 phenotype of hypA mutant AL231 with plasmids carrying hypA and di¡erent regions of upstream DNA. Both plasmids pFH34 and pFH18, carrying the complete hypA gene and 552 bp of upstream DNA (Fig. 1) , were able to confer wild-type levels of O P -dependent hydrogenase activities to mutant AL231 (Table 1 ). Since the complementation was observed regardless of the fragment orientation in the cloning vector, an active promoter responsible for hypA expression in bacteroids must be present within this 552-bp DNA region (Fig. 1) . The lower hydrogenase activities observed in the complemented strains when methylene blue is used as terminal electron acceptor are probably a consequence of an unbalanced amount of HypA protein resulting from the expression of the corresponding gene in a plasmidbased construct.
Discussion
To gain insight into the role of HypA in hydrogenase synthesis, a speci¢c mutation in this gene was created by inserting an interposon in the 5P-terminal end of hypA. The resulting mutant (AL231) was not a¡ected in expression of the downstream hypBFCDEX operon as shown by the presence of wild-type levels of HypB expression in microaerobically grown cells. Furthermore, the AL231 mutant was not a¡ected in the expression of hupK, the upstream overlapping gene, since the normal wild-type phenotype was recovered by complementing the mutant with a plasmid containing hypA gene and only part of hupK. The lack of hydrogenase activity in pea bacteroids produced by the AL231 mutant strain indicates that HypA is essential for symbiotic hydrogenase synthesis in R. leguminosarum bv. viciae. The results of immunoblot experiments using antisera raised against HupL indicated that HypA is required for processing of hydrogenase subunits but not for the expression of hydrogenase structural genes.
We had previously demonstrated that the hypBFCDEX operon is expressed in microaerobically grown free-living cells from an FnrN-dependent promoter located within hypA gene [5] , and we show now that this expression is not a¡ected by the insertion of an interposon at the beginning of hypA (Fig.  1) . The expression pattern of hypA gene is di¡erent from the known pro¢le of expression of the remaining hyp genes in R. leguminosarum bv. viciae. First, unlike hypBFCDEX operon, hypA is not expressed in free-living microoxic cells and requires the symbiotic conditions for expression. Second, while the hyp genes are expressed from a well de¢ned FnrN-dependent promoter located within the coding sequence of hypA, this gene appears to be expressed from its own promoter in response to an unknown symbiotic signal. It has been shown that R. leguminosarum hupSL structural genes are expressed in pea nodules from a c SR -dependent promoter located upstream of hupS and activated in pea nodules by the symbiotic regulatory protein NifA [4] . It is unlikely that NifA controls hypA activation since the hypA promoter does not have the characteristics of a c SRdependent promoter. In addition, complementation experiments indicate that hypA expression does not originate from hupSL promoter. In B. japonicum, which is able to express hydrogenase activity in vegetative cells, an FnrN-dependent promoter has not been identi¢ed within hypA gene, and it was proposed that the hypABFCDE genes are expressed from a c SR -dependent promoter located upstream of hupG [21] . In contrast, the hypA gene from E. coli has been shown to be expressed from a c SR -type, oxygen-repressed promoter independently from the adjacent hypBCDE genes [7] .
Although the hypA mutant phenotype is similar to other hyp mutants with regard to the lack of both hydrogenase activity and correct processing of hydrogenase subunits, the di¡erent pattern of expression of hypA gene in R. leguminosarum suggests a distinct role for HypA in hydrogenase synthesis. In Escherichia coli the hypABCDE genes have been shown to be necessary for incorporation of nickel into the large subunit of the hydrogenase 3 (HycE) [22] and for the ¢nal proteolytic step in the maturation process [6, 23] . hypB, hypD and hypE genes are essential for the three well characterised hydrogenases from this bacterium, whereas hypA is only required for synthesis of hydrogenase 3, and seems to have a inhibitory or repression role on hydrogenase 2 activity (the uptake hydrogenase encoded by the hyb operon). The HybF protein, encoded by the hyb operon [24] , is highly homologous to HypA (52% identity) and may perform in the synthesis of hydrogenase 2 a similar function to that played by HypA in the synthesis of hydrogenase 3 (the H P evolution hydrogenase). It is plausible that both proteins compete for a common limiting factor required for hydrogenase processing. In the case of Alcaligenes eutrophus, the products of hyp genes have been shown to be involved in hydrogenase maturation, although attempts to de¢ne the speci¢c role of HypA have been hampered by the fact that the hypABF cluster is duplicated, and no mutant a¡ected in both copies of hypA has been reported. [25] .
In R. leguminosarum bv. viciae, sequence analysis of DNA upstream of transcription initiation site 5c did not identify sequences characteristic for binding of c SR -or c UH -dependent RNA polymerases. However, a sequence (GGAATTT) resembling the putative box for binding of FixJ activator protein (CSNAATWT) [26] was identi¢ed at position 330 upstream of 5c (Fig. 3B) . This box is conserved in all known FixJ-dependent promoters (Fig. 4) and its presence at the expected distance (330/333) from the transcription start site suggests that hypA expression could be controlled by a FixJ-type activator. However, the hypothetical FixJ-dependency of hypA expression remains to be proven since no evidence for the existence of a ¢xJ gene has been provided for R. leguminosarum strain bv. viciae UPM791 [10] . In this strain the microaerobic induction of ¢xNOQP operon, encoding the high a¤nity cbb3 terminal oxidase, is independent of the FixLJK cascade described in other rhizobia [26] .
The mechanism by which R. leguminosarum HypA participates in the synthesis of the bacteroid uptake hydrogenase might be similar to that of E. coli HypA and HybF in the synthesis of hydrogenase isoforms 3 and 2, respectively. The mechanism is still unknown, but all the HypA proteins predicted from homologous hypA genes in six di¡erent bacterial species [27] contain the conserved Cx P Cx IP Cx P C cysteine cluster. The Cx P C motif is characteristic of many Fe-S cluster coordinating domains ( [27] and references therein), so it can be speculated that HypA contains a Fe-S cluster and plays a redox role in the process of nickel incorporation required for hydrogenase maturation. Amino acid substitution mutants a¡ecting the cysteine cluster will contribute to the elucidatation of its function.
In summary, although the speci¢c function of HypA is not known, this protein is absolutely required for hydrogenase activity and maturation of hydrogenase subunits in R. leguminosarum. The differential expression pattern of hypA gene and hypBFCDEX operon predicts a distinct role for HypA in the process of hydrogenase synthesis.
